La0.6Sr0.4Fe0.8Mn0.2O3 (LSFM) compound is synthesized by Sol-gel method and evaluated as a cathode material for the intermediate temperature solid oxide fuel cell (IT-SOFC). X-ray diffraction (XRD) indicates that the LSFM has a Rhombohedral structure with R-3c space group symmetry. The XRD patterns reveal very small amount of impurity phase in the LSFM and Y2O3-Stabilized ZrO2 (YSZ) mixture powders sintered at 600, 700 and 800 °C for a week. The maximum electrical conductivity of LSFM is about 35.35 S.cm -1 at 783 °C in the air. The oxygen chemical diffusion coefficients, DChem, are increased from 1.39×10 -6 up to 7.66×10 -6 Ω.cm 2 . Besides, the oxygen surface exchange coefficients, kChem, are obtained to lie between 2.9×10 -3 and 8.7×10 -3 cm.s -1 in a temperature range of 600-800 °C. The area-specific resistances (ASRs) of the LSFM symmetrical cell are 7.53, 1.53, 1.13, 0.46 and 0.31 Ω.cm 2 at 600, 650, 700, 750 and 800 °C respectively, and related activation energy, Ea, is about 1.23 eV.
TECs and catalytic activities [17] . At the A site, a combination of alkaline earth metal (Ca, Sr and Ba) and rare earth metal (La) ions have been introduced while one or several mixed-valence transition metal ions (Ni, Mn, Fe, and Co) have been proposed at the B site too [19] . The mixed-valence transition metal ions provide the required catalytic activity for the ORR [17] .
Among these, the Strontium-doped Lanthanum with the general formula La1-xSrxMnO3-δ (LSM) has been a very common material and is still being researched [20, 21] . Substitution of Ca or Sr into the LaMnO3 increases the electronic conductivity. Moreover, the doped LaMnO3 has a high electro-catalytic activity for ORR and a reasonable TEC match with the most common electrolyte which has chemical stability and mechanical strength, 8 mole % Yttria-Stabilized Zirconia (YSZ) [17, 22] . LSM perovskite oxides exhibits a poor ionic conductor at IT-SOFC. On the other hand, LaCoO3-based perovskite oxides are known to be superior in electrocatalytic activity and electrical conductivity, compared with LaMnO3-based perovskite oxides [22] . La1-xSrxCoyFe1-yO3-δ (LSCF) perovskites based on LaCoO3 have attracted considerable attention as an alternative material for IT-SOFC cathodes [13, 23] . Yet, the LSCF cathodes cannot be used in the IT-SOFCs without a problem because of the formation of strontium zirconate (SrZrO3) when it is directly coated on YSZ electrolytes [8] . Likewise, these cathodes have problems associated with the usage of Co, which is responsible for the high TEC values usually found in these materials [21] . On the other hand, the Co is very expensive and is a harmful/carcinogenic element [24] . Given the limitations of these two kinds of materials for IT-SOFCs, people are still seeking a new cathode material.
In the periodic table, Fe is next to Mn and they have an almost close ionic radius (Fe 3+ , 0.645 Å, and Mn 3+ , 0.650 Å). Thus the Fe can be substituted partly or fully by Mn [25, 26] . In addition, a research has represented that the amount of undesired reaction with the YSZ for the La0.6Sr0.4Fe0.8Mn0.2O3 perovskites is less than the La0.6Sr0.4Fe0.8Co0.2O3 perovskites [27] . The Fe substitution for Mn improves the DChem and kChem [14] . La1-xSrxFe1-yMnyO3 has also high catalytic property [28] . DChem and kChem values for the La0.6Sr0.4Fe0.8Mn0.2O3 (1.4×10 -6 cm 2 .s -1 and 2.5×10 -4 cm.s -1 at 750 ℃ [28] ) are higher than the La0.6Sr0.4Fe0.8Co0.2O3 (1.86×10 -8 cm 2 .s -1 and 5.37×10 -6 cm.s -1 at 800 ℃ [29] ) and the LSM (10 -11 cm 2 .s -1 [30] and 9×10 -5 cm.s -1 [31] at 1000 ℃). Hence the La0.6Sr0.4Fe0.8Mn0.2O3 could be a suitable cathode material.
Many studies have been conducted on electrical and catalytic properties of La0.6Sr0.4Fe0.8Mn0.2O3, and its chemical compatibility with YSZ has been completely evaluated [26-28, 32,33] ; nevertheless, to the best of our knowledge, no information has been reported to fully understand the electrochemical properties of La0.6Sr0.4Fe0.8Mn0.2O3 cathode in contact with YSZ electrolyte.
In this study, we synthesized La0.6Sr0.4Fe0.8Mn0.2O3-δ (LSFM) compound as cathode for IT-SOFC.
Investigations were addressed to study the structural, electrical and electrochemical properties of this material. The electrical conductivities of the sample were measured in the presence of air; DChem and kChem values were determined at 600, 700 and 800 °C in a sudden exchange of Ar atmosphere to the oxygen. The chemical reactivity was evaluated in contact with YSZ. Symmetric cells were fabricated and a detailed analysis of electrochemical response was studied. The microstructure of the symmetric cells was examined through field emission scanning electron microscopy (FESEM) and the manufactured cells were characterized by electrochemical impedance spectroscopy (EIS) in intermediate temperatures at three different oxygen partial pressures. Besides, the distribution of relaxation time (DRT) of the EIS was investigated to provide a model-independent insight into the cathode processes.
Experimental

Preparation of LSFM powders
LSFM powders were synthesized by a Sol-gel method. La(NO3)3.6H2O (99%), Sr(NO3)3 (99%), Mn(NO3)2.4H2O (98.5%), and Fe(NO3)3.9H2O (99%), (all from Merck, Germany) were dissolved into deionized water in a stoichiometric ratio. Ethylene Diamine Tetra Acetic Acid (EDTA, 99.4%, Merck, Germany) and a few drops of Ammonia were dissolved in deionized water. Precursors solution were added to a de-counter on a magnetic stirrer, and finally, Citric Acid (99.5%) which dissolved in deionized water was added. The precursors, EDTA, and citric acid solutions were mixed with a molar ratio of 1.0, 1.0 and 1.5, respectively. The PH value was adjusted to around 7 by adding some Ammonia. The temperature of the resulted solution was increased to 90 °C with a 2 °C.min -1 heating rate and was maintained for another 12 hours to obtain the transparent gel. The products temperature was increased up to 350 °C with a 2 °C.min -1 heating rate and was held at that temperature for about 48 hours to complete the self-combustion step.
Finally, the remained ash was grounded using a mortar, and then calcined for 8 hours at 800 °C in an oven in ambient air with a heating rate of 3 °C.min -1 and a subsequent cooling rate of 3 °C.min -1 to obtain a black powder.
Symmetrical cell fabrication
The YSZ commercial powders (8 mole % Y2O3-Stabilized ZrO2, Tosoh, Japan) were used as the electrolyte material. The YSZ powders were pressed into the disk pellets (10 MPa) and sintered at 1380 °C for 30 hours. LSFM powders (1 g) were dispersed in a pre-mixed solution of ethanol (5 g), ethyl cellulose (0.27 g) and olive oil (9.3×10 -2 g) to form a colloidal suspension using Zirconia balls (diameter ≈ 3 mm) and were ball milled at a rotational speed of 250 rpm for 24 hours to form a homogeneous slurry. The slurry was coated using a simple compressed air painter on both sides of the prepared YSZ pellet. The effective cathode area was about 0.63 cm 2 . The fabricated symmetric cells (LSFM/YSZ/LSFM) were finally sintered at 800 °C for 8 hours in the air. The silver paste was painted to both sides of the symmetric cell as a current collector.
Structural and morphological characterization
The phase structure of the as-prepared LSFM powders was characterized by X-ray diffraction (Philips XPERT) analysis with Cu-Kα (λ=0.1544 nm) radiation with an angle range of 10º≤2θ≤90º and 0.025º step size at room temperature. The resulted data was analyzed using Rietveld refinement by Fullprof software.
To investigate the chemical reactivity between LSFM cathode material and YSZ electrolyte, these two powders were mixed with 1:1 wt. ratio, and were grounded homogeneously with ethanol in a hand-mortar for 1 hour and dried in air. 3 pellets from the final powders were prepared by using uniaxial pressure (30 MPa) and then fired in an oven in ambient air for a weak at 600, 700 and 800 °C. The fired samples were tested by XRD to identify possible reaction products between the LSFM and YSZ.
Scanning electron microscopy (SEM, Philips X130) was used to study the morphologies and average particle size of the LSFM powder. Along with, the microstructure of the symmetrical was examined by field emission scanning electron microscopy (FESEM). Energy-dispersive spectroscopy (EDS) was further performed to identify the elemental composition of the symmetrical cell.
Electrical and electrochemical performance analysis
For electrical conductivity measurement, the LSFM powders were pressed into pellet (diameter= 0.77 cm and thickness=1mm) using uniaxial pressure (50 MPa). The pellet was sintered at 1200 °C for 7 h in air. The electrical resistance of the pellet was measured using a standard four-probe method. Four silver contact were applied on the pellet. A silver wire was attached to each contact with silver paste. The electrical resistance of the sample was measured in air from room temperature up to 900 °C. A K-type thermocouple was used to measure the temperature. Besides, a direct current magnitude of 1 mA was employed for measuring the electrical resistance. The resistivity ( ) and conductivity (σ) values were calculated using the relation (1) and (2), respectively.
Where is the resistivity (Ω.cm), K is a correction factor (for our sample = 2.2662), V is the measured voltage (V), I is the applied current (A), t is the sample thickness (cm), σ is conductivity and R is resistance [34] .
Electrical conductivity relaxation (ECR) method was used to study the oxygen transport properties of LSFM. The oxygen chemical diffusion coefficient, DChem, and the oxygen surface exchange coefficients, kChem, measured by the ECR method. A bar with approximate dimensions of 1.6 mm×3.5 mm×10.1 mm was prepared by uniaxial pressure (1.25 MPa). The bar was sintered at 800 °C for 8 hours. The ECR of the sample was measured at 600, 700, and 800 °C. In the beginning, the area around the sample was filled with pure Ar and the system reached and fixed for a while (one hour) at each desired temperature. After stabilization of temperature, the conductivity of the sample was measured during the change of Ar gas to the flow of 1 l/min of pure oxygen. The resulting conductivity variations were recorded as a function of time.
To determine the electrochemical properties, the LSFM/YSZ/LSFM symmetrical cells were tested in a two-point configuration with Ag wires. The EIS data were acquired using an IVIUMSTAT Potentiostat with the frequency range of 10 -2 Hz up to 10 6 Hz and wave amplitude of 10 mV in the temperature range of 600-800 °C in the air under open-circuit voltage (OCV) condition. All, EIS measurements were also performed at three different oxygen partial pressures of 1, 0.21, and 0.02 atm from 600 to 800 °C. of the experimental data with the calculated data in Fullprof software) was placed around 1.02. It is indicated that the obtained data were successfully refined. These results are well comparable to the other reports for LSFM [27, 28, 32] . Fig. 1(b The average particle size of the as-prepared LSFM powders was calculated to be about 120±21 nm. to p-type small Polarons hopping mechanism or electronic holes as charge carriers [28] . After 783 °C, the conductivity decreases with increasing temperature (metallic-like behavior Also the conductivity at 800 ° C (35.24 S.cm -1 ) is lower than that reported by Chung et al. [33] . This observation is probably caused by low density of the pellet. 
Results and discussion
Powder properties and chemical stability
Electrical conductivity and Oxygen transport
Where in that σ, σ̥ , T, and kB are the lattice conductivity, the pre-exponential constant, absolute temperature and Boltzmann's constant, respectively [17] . The computed Ea for small polarons hopping is about 0.23 eV (30-783 °C) is lower than the reported values for LSFM of 0.25 eV [33] . Fig. 3(c) shows the electrical conductivity changes with a sudden change in partial oxygen pressure (The sudden oxygen introduce enhanced the conductivity), and likewise the electrical conductivity increased by increasing temperature. In fact, with the introduction of oxygen into the environment, the conductivity begins to increase and then it's almost stable. The oxygen vacancy concentration increases for temperatures above 300 °C. With the introduction of oxygen, the oxygen is ionized at surface hence oxygen ions occupy oxygen vacancies and become lattice diffused oxygen ions. As a result, the conductivity increases due to an increase in the overlap between O:2p and the Fe/Mn:3d [18, 40, 41] .
The DChem was specified for three temperatures using a least-squares fit of the experimental data to theoretical equation (4) outlined by Crank et al. The results are presented in Table 1 .
Where σ(t) is the conductivity at time t, σ(0) and σ(∞) represent the initial (t=0), and final (t=∞)
conductivities, respectively and L is the half of the sample's thickness [18, 40] .
The DChem increased with increasing the temperature, and its values are better than other reports. For diffusion were calculated about 0.7 eV (68 kJ.mol -1 ). The Ea is less than the values obtained for other cathode reported in the literature. La0.6Sr0.4Fe0.8Mn0.2O3-δ is reported to have an Ea of 136 kJ.mol -1 [28] , and for other materials, such as La0.6Sr0.4Fe0.8Co0.2O3-δ the value is 137.9 kJ.mol -1 [18] . As the Ea contains contributions from both migrations of oxygen and oxygen vacancy formation, one possible explanation may be that the low value of Ea for the LSFM reveals the facility of both formations of oxygen vacancy and migration of oxygen in this material [8, 28] .
Where D0 is pre-exponential factor and R is the general constant of gases [18, 40] .
The conductivity in term of a time constant, τ, can be defined as follows [39, 41] :
Where is related to the relaxation time. The τ calculated by fitting the curve in Fig. 3 (c) in equation (6).
Then, the kChem derived from the following equation:
Where l is the sample's thickness. The kChem was determined for three temperatures. The results are presented in Table 1 . The relation between kChem and T results the Arrhenius formula:
Where k0 is the pre-exponential factor [39, 41] . The Ea is obtained about 44.07 kJ.mol -1 (0.46 eV). The kChem value is in good agreement with those reported in the literature for other cathode perovskites. This value is in fact higher than that reported for La0.6Sr0.4Fe0.8Mn0.2O3-δ (between 2.5×10 -4 and 1.8×10 -2 cm.s -1 in 750-1000 °C) [28] , and La0.6Sr0.4Fe0.8Co0.2O3-δ (9×10 -7 cm.s -1 , at 800°C) [43] , (1×10 -5 cm.s -1 , at 799 °C) [44] . It is important to note that the oxygen vacancy defects are necessary to induce mixed ionic-electronic conductivity in perovskite materials, favoring desirable ORR for cathode operation in IT-SOFCs [15, 16, 28, 43] . Finally, the above results exhibit that the LSFM cathode has high catalytic activity compared to similar cathodes. Fig. 4(a) illustrates the EIS plots of the LSFM/YSZ/LSFM symmetrical cell recorded at 600 °C, 700
Electrochemical Characterization of Symmetrical Cell
EIS results
°C and 800 °C in the air. The electrochemical performance of each cathode is generally governed by ohmic, activation (charge transfer), and concentration (mass transport) polarizations or drops [22] . The real axis intercept at high frequency refers to the ohmic resistance, R1, mainly contributed by the YSZ solid electrolyte (thickness of the electrolyte), Ag contacts (the contact resistance between the probe and the sample), and wires. The difference between the low and high-frequency intercepts on the real axis represents the polarization resistance, RP (including activation and concentration polarizations) [2, 45] . The RP and R1 decreased with increasing temperature. There are at least two main overlapped semicircles in the EIS data, which indicate that at least two responses are corresponding to the ORR. The smaller semicircle (high frequency) can be correlated to the charge transfer process at interfaces of current collector/cathode and cathode/electrolyte (activation polarization). While the slightly bigger semicircle (low frequency) is associated with oxygen surface exchange reaction and gas-phase diffusion inside and outside of the cathode through its microstructure (concentration polarization) [2, 12, 22, 45] . 
EIS results with varying pO2 and DRT results
A distribution of relaxation times (DRT) method was used to study the EIS more precisely and confirming the assumptions [24] . Fig. 5 illustrates the EIS plots for the LSFM symmetrical cell in atmospheres with the different oxygen content of 0.01, 0.21 and 1 atm in the temperature ranges of 600-800 °C. It was found that the polarization resistance decreases as pO2 increases. Information about physiochemical processes can be obtained by measuring the EIS at different oxygen pressures. This method is a powerful tool to determine the electrode polarization mechanism [24, 44] . Fig. 4(a) . The L1 is the inductance due to the silver currentvoltage probes of electrochemical equipment and wires. R1, R2, R3, and R4 are ohmic, HF, IF and LF semicircle resistances, respectively. As well as, CPE1, CPE2, and CPE3 are constant-phase elements of each frequency's semicircle. It should be noted that the other equivalent circuits were also analyzed and appraised, e.g. L1-R1-(R2CPE1)-(R3CPE2)-(GE1) and L1-R1-(R2CPE1)-(R3CPE2)-(Ws1). However, these models caused deterioration of the fits and higher chi-squared values (the chi-squared value for a good fit To get more information for these peaks, the model presented by Heuveln et al. and Bouwmeester et al. were exploited [47] . Based on their dependency on the partial pressures of O2 according to the following equation, the electrochemical processes can be determined [46] [47] [48] :
Where k is a constant, R is polarization resistance contributions and the n value can be calculated from the slope of the polarized resistance contributions versus O2 partial pressures (log-log plot). The n values indicate the different possible mechanism [22] [23] [24] [46] [47] [48] [49] . Fig. 4(b) illustrates the meaning of n values. For n=1, oxygen molecule diffusion in the cathode pores is expected,
n=0.5 reflects the contribution of atomic oxygen.
Where (s) is a surface site. n=3/8 is related to electron transfer to the oxygen atom on material surface and/or at the triple-phase boundary (TPB). All resistances (R2, R3, and R4) depend on oxygen partial pressure, and the n values for the pO2dependencies are listed in Table 2 . At 600 °C, the n values of R2 and R3 is about 0.17 and 0.28, respectively.
These two processes may be associated with adsorption and surface exchange (transport of ionic/electronic defects) [44] . Furthermore, the n value of R4 is about 0.56, which this process was assigned to oxygen dissociative adsorption (involvement of atomic oxygen), dissociation and surface transport [23, 50] .
According Fig. 6(a) , contribution of the IF response is more clearly visible than the other two frequencies response; which is related to the electron transfer process (activation polarizations). For 650 ℃, the n value for R2 is 0.20, this result proves that R2 represents the adsorbed oxygen ion diffusion through the cathode surface to the TPB. The R3 and R4 shows n=0.53 and n=0.55 dependency on pO2, which is related to the contribution of atomic oxygen. Fig. 6(b) shows contribution of the IF response is more than LF and HF;
which is related to the contribution of atomic oxygen (concentration polarizations). At 700 °C, the related process for each peak was the same as for 600 °C. For 750 ℃, from the fitting results, the n value for R1 and R2 is 0.03 and 0.06, which are quite near n = 0. This result shows that R1 and R2 represents the transport process of oxide ions within the bulk cathode and/or from the cathode to the YSZ electrolyte. The calculated n for R4 is 0.12, demonstrating that R4 represents an electron transfer process as shown by eq (14) , which corresponds to n = 1/8. The main peak shown in Fig. 6(d) relates to the charge transfer process. At 800 °C, the n values of R2, R3 and R4 is about 0.14, 0.13 and 0.10, respectively; which is associated with the electron transfer (eq (14)). For this temperature also the main peak is relates to the charge transfer process. Therefore it seems that charge transfer process contributes (activation polarizations) the most to the polarization resistance of the LSFM cathode and that is the rate limiting step for ORR. It is also observed that, for all the different oxygen partial pressures, the intensity of the peaks and therefore area of peaks decreases with increasing temperature, this shows both activation polarization resistance and concentration polarization resistance decrease as the temperature increases. Each measured impedance spectrum depend on oxygen transport (both surface processes and diffusion). As mentioned, the concentration polarization contribution is less than the activation polarization. Because the oxygen transport properties (DChem and kChem) are an important parameter for the determination of concentration polarization [22] . 
ASR results
Using Eq. (16), the area-specific resistance (ASR) was calculated for three different oxygen partial pressures, the results are listed in Table 3 .
Where Rp is the polarization resistance and S is the cathode surface area. Fig. 7(d) demonstrates the Arrhenius plots of the ASR of LSFM cathode with different oxygen partial pressures. The Ea of ASRs is calculated from the linear fit slopes using Eq. (17) . The Ea of the ASRs is given in Table 3 .
Where A is constant [12] . Table 3 . ASR values and activation energies in different oxygen partial pressures. 
Conclusions
Briefly, La0.6Sr0.4Fe0.8Mn0.2O3 have been synthesized by Sol-gel method, and its structural, electrical and electrochemical properties were investigated as a cathode material for IT-SOFCs. According to the XRD analysis, the LSFM was identified by a Rhombohedral structure with R-3c space group symmetry and no secondary phases were observed. The LSFM cathode has a good chemical compatibility with YSZ electrolyte in operating temperatures. The DChem for different temperature was in of the order of 10 -6 cm -2 s -cm 2 .s -1 and 8.7×10 -3 cm 2 .s -1 at 600, 700 and 800 °C, respectively. The related activation energy was calculated to be around 44.07 eV. These values indicated that the LSFM has enough electrocatalytic activity towards ORR and also DChem and kChem high values are the key factors for improved/acceptable performance of cathode for IT-SOFC. According to the EIS results, the ASR values at 600, 650, 700, 750 and 800 °C were 7.53, 1.53, 1.13, 0.46 and 0.31 Ω.cm 2 , respectively with an activation energy of about 1.23 eV.
Although LSFM presents a slightly high electrical resistance, its great chemical stability and good values of DChem, kChem, and ASRs makes it a suitable choice for being candidate as a cathode material in IT-SOFCs.
